The efficient flow synthesis of important heterocyclic building blocks based on the 1,2,4-triazole and pyrrolo[1,2-c]pyrimidine scaffold has been achieved. Crucially, a telescoped continuous flow process was developed based on the reaction of N-formylglycine with triphosgene to deliver a stream of ethyl isocyanoacetate in situ, which subsequently yielded the desired heterocyclic entities in a telescoped reaction. Additionally, the functionalisation of the pyrrolo[1,2-c]pyrimidine core via subsequent S E Ar reactions was studied revealing insight into a 'halogen dance' phenomenon associated with these medicinally relevant architectures.
Introduction
The efficient preparation of novel heterocyclic building blocks functionalised with suitable derivatisation sites is of paramount importance to the successful discovery of new bioactive molecules. 1 Certainly the most effective pharmaceutical and agrochemical strategy for the generation of propriety leads is through screening of diverse core structures, which upon strategic functionalisation engenders desirable physiological properties and yields focused libraries of advanced drug-like structures. Consequently, the conformational presentation displayed by the core template impacts strongly on the available binding and contact points that can be interacted upon within the biological environment. It is therefore not surprising that most of today's top-selling drugs contain at least one heterocyclic core often acting as its pharmacophore. 2 In order to efficiently access new chemical scaffolds medicinal chemists have been increasingly exploiting enabling technologies to allow access to novel chemical space. 3 Amongst these technologies flow chemistry approaches have gained widespread acceptance as a powerful means to overcome limitations regarding scale-up, reproducibility, safety and accessible chemical space with numerous publications detailing the results of such studies. 4 One particular area where flow chemistry has led to significantly improved safety profiles compared to traditional batch synthesis is the in situ generation and subsequent use of highly reactive, yet hazardous species. Examples include, but are not limited to, the generation and use of ozone, 5 azides, 6 diazonium species, 7 or elemental fluorine 8 as well as cryogenic 9 or high temperature 10 reactions.
In this paper we wish to disclose our latest results towards the flow synthesis of valuable heterocyclic architectures such as 1,2,4-triazoles and pyrrolo [1,2-c] pyrimidines based on the in situ generation of ethyl isocyanoacetate through the dehydration of N-formylglycine using reactive triphosgene (Scheme 1).
quently used as a key building block in multicomponent reactions and heterocycle synthesis.
11 Because of these features we decided to develop a convenient in situ flow synthesis of ethyl isocyanoacetate starting from readily available N-formylglycine (1). 12 As the dehydrating agent we choose triphosgene (2), a commercially available crystalline solid. 13 This material is not only easier to handle than many other dehydrating agents (e.g. COCl 2 , POCl 3 , SOCl 2 etc.), but also comprises three equivalents of active dehydrating agent per molecule. Furthermore, only HCl and CO 2 are generated as by-products through its use. In an initial study we used a commercially available R2+ Vapourtec flow reactor which was configured to mix two reagent streams via a T-piece: stream A contained N-formylglycine (DCM, 0.25 M, 1.0 equiv.), DIPEA (2 equiv.) and DMAP (0.3 equiv.) and stream B contained triphosgene (DCM, 0.0875 M, 0.35 equiv.). Using 1 H-NMR analysis of aliquots of the product stream it was quickly established that the desired ethyl isocyanoacetate forms almost quantitatively at room temperature within a 20 min residence time (Scheme 2).
Synthesis of 1,2,4-triazoles in flow
Having developed an efficient protocol for the synthesis of ethyl isocyanoacetate in flow, we next turned our attention to its reaction with various aryl diazonium species, also prepared in situ, to furnish a convergent synthesis of 1,2,4-triazoles. 14 To facilitate the reaction, four stock solutions (solutions 1-4) were prepared, along with a small collection of aniline starting materials (solution 5). To perform the multi-step flow sequence an integrated flow reactor configured as shown in Scheme 3 was constructed. This comprised a Uniqsis FlowSyn with an ALF delivery and control system, a Vapourtec R2+/R4 unit, two auxiliary Knauer K100 HPLC pumps and two Polar bear plus flow reactors (see ESI † for additional details). Using this setup a continuous flow stream of intermediate 3 was prepared as described (see above) and was united with a solution containing the corresponding diazonium coupling partner 6 as a convergent assembly process.
The diazonium component 6 was readily prepared from the precursor aniline or its mono-hydrochloride salts (in MeCN) by treatment with tert-butyl nitrite at ambient temperature. 15 For the subsequent cycloaddition reaction the two flow streams containing 3 and 6 were combined and then in succession diluted with a stream of pure ethanol and treated with an aqueous feed of potassium carbonate (5 equiv.). A static mixer was placed in-line to thoroughly blend the flow stream before it passed into a heated reaction coil maintained at 75°C. The reactor output was collected and worked up by evaporation of the solvent followed by neutralisation with dilute hydrochloric acid and partitioning into ethyl acetate. The products were isolated in high yield and purity after solvent evaporation and trituration of the crude product with a mixture of diethyl etherethanol 15 : 1. Pleasingly the above flow protocol proved general and was applied to the synthesis of a small selection of 1,2,4-triazole products (7a-h) (Fig. 1) .
Derivatisation of 1,2,4-triazoles
In order to briefly evaluate the feasibility of these [1, 2, 4 ]-triazoles (7a-h) to serve as building blocks towards future research efforts we decided to specifically study the functionalisation of the 5-position of the heterocyclic core. To this end regioselective bromination was affected by treating 7h with a mixture of NaH and NBS in dry THF 16 (Scheme 4). Pleasingly, after 10 h reaction time, complete consumption of the starting material and clean formation of the desired product 8 was observed. After purification 8 was subjected to a small number of Suzuki cross coupling reactions in order to synthesise 9a-e.
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Although this reaction required prolonged reaction times at elevated temperatures (8-10 h at 120°C) the desired Suzuki cross coupling products were formed chemoselectively and isolated in reasonable yield allowing further efforts to be directed towards the diversification of these scaffolds.
Synthesis of pyrrolo [1,2-c] 
pyrimidines in flow
After accomplishing a successful multi-step flow synthesis of various 1,2,4-triazoles we decided to diversify the protocol towards the synthesis of another underexploited scaffold -the pyrrolo [1,2-c] pyrimidine. This structure has shown value for example as the core structure of various nicotinic acetylcholine receptor agonists developed to treat CNS disorders 18 and can be prepared by reacting ethyl isocyanoacetate with readily available pyrrole-2-carboxaldehyde. 19 After a short optimisation study we found that treatment of a flow stream of ethyl isocyanoacetate with a secondary stream containing pyrrole-2-carboxaldehyde (10, 0.25 M, 1.0 equiv.) and piperidine (6 equiv.) in DCM afforded the desired pyrrolo [1,2-c] pyrimidine structure 11 after passing through a flow coil maintained at slightly elevated temperature (85°C, 26 min residence time, Scheme 5; Fig. 2 ). In order to avoid any issues of precipitate formation within the flow system (i.e. piperidine-HCl salts) a working concentration of 0.25 M was targeted resulting in a theoretical throughput of 5.71 g h −1 . The desired pyrrolo [1,2-c] pyrimidine product could be isolated in 85% yield and high purity (>95% by 1 H-NMR) as a beige solid after extraction and evaporation of the volatiles. This crude material was of sufficient quality to be used in further reactions however an analytical sample was Scheme 4 Functionalization study of triazole 7h.
Scheme 3 Multi-step flow approach towards 1,2,4-triazoles.
Scheme 5 Multi-step flow approach towards pyrrolo [1,2-c] pyrimidine.
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This further purified by column chromatography to furnish a yellow solid (78%). The reactor could be run under semi-continuous operation delivering ∼30 g over the course of a standard working day (8 h) including start-up/shut down and cleaning of the system. Having established convenient access to multigram quantities of this pyrrolo [1,2-c] pyrimidine core (11) we decided to evaluate its functionalisation via electrophilic aromatic substitution reactions. Specifically we intended to establish whether this scaffold could be decorated in a regioselective manner allowing access to versatile architectures for future synthesis programmes. We therefore performed a number of Density Functional Theory (DFT) calculations to compare the intermediates originating from addition to the most likely C7 and C5 positions of the pyrrole subunit (Scheme 6, Table 1 ). The geometries of the species were optimised with the 6-311++G (2df,2pd) basis set (for iodine the cc-pVTZ-PP basis set 20 with the Stuttgarts pseudopotential 21 was used) employing Truhlar functionals, M06-2X, 22 which have been shown to successfully describe the thermochemistry, kinetics, and noncovalent interactions of such systems. The computational calculations were performed using Gaussian 09 program suite; 23 frequency analysis was also performed to confirm the nature of the stationary points and to obtain zero-point energies (ZPEs). Solvent effects on molecular geometries and energies were estimated by means of Polarization Continuum Models (PCM) 24 with DCM as the solvent. The data correlated in Table 1 , implies a distinct kinetic preference for reaction at the C7 over C5 position due to enhanced delocalisation into the adjacent ring, however the most stable products are those with substitution at C5. Further DFT studies, also confirmed the nucleophilic character of the specified C5 and C7 positions of the pyrrolo [1,2-c] pyrimidine (Fig. 3) . We were therefore confident that a regioselective functionalisation of the pyrrolopyrimidine could be achieved.
We subsequently prepared a number of pyrrolo [1,2-c] pyrimidine derivatives (12a-i) confirming that the most reactive site was indeed the C7 position of the pyrrole moiety followed by the C5 position. This analysis was largely enabled by single crystal X-ray diffraction experiments as 1 H-and 13 C-NMR experiments were not always conclusive (Scheme 7). Whilst this strategy allowed for the efficient and regioselective monofunctionalisation at C7 via halogenation (Cl, Br. I), formylation and acetylation reactions, it was noted that the subsequent introduction of a second electrophilic substituent did not always furnish the predicted product.
The nitration or bromination of the chlorinated pyrrolo [1,2-c] pyrimidine intermediate did yield the expected reaction products Scheme 6 General schematic of the DFT calculations performed on the electrophilic attack on the pyrrolopyrimidine moiety. a The energies are all reported relative to the 7-halo compounds which were the thermodynamic control compounds. 12a and 12b. However, preparation of the dihalo-structure 12c was only possible when halogenating (use of NBS or NCS) under neutral conditions. Conducting the chlorination step in the presence of HCl or for prolonged reaction times (i.e. >10 h) resulted in the formation of a mixture of 12b and 12c. Additionally, when attempting nitration of substrate 8 it was noted that a mixture of two mono-nitrated products as well as the di-nitrated scaffold 12d formed very rapidly. Furthermore, attempted nitration of the 7-mono-iodinated pyrrolo [1,2-c] pyrimidine core yielded a mixture of nitrated products (12h, 12i) that after longer reaction time (12 h) would also generate small quantities (∼15%) of the previously prepared di-nitrated product 12d. As the identity of 12i had been confirmed by single crystal X-ray diffraction experiments, we suggest the occurrence of a 'halogen dance' phenomenon in cases where brominated or iodinated monofunctionalisation products are subjected to a second S E Ar reaction under strongly acidic conditions. We thus propose that under acidic conditions the second electrophile is again first introduced at C7 generating a tetrahedral intermediate 13b (Scheme 8). This structure can then undergo a [1, 3] -shift in which the most weakly bound halogen migrates to the 5-position of the pyrrolo [1,2-c] pyrimidine scaffold (i.e. 13c) thus resembling other 'halogen dance' phenomena reported in the literature. 25 Overall, the strategic use of this rearrangement could lead to otherwise difficult to access structures and thus opens avenues towards specifically functionalised pyrrolo [1,2-c] pyrimidine scaffolds. Further research is now required to fully evaluate and develop these initial findings.
Conclusions
In conclusion, we have successfully developed a valuable flow protocol for the synthesis of ethyl isocyanoacetate via dehydration of N-formylglycine using triphosgene. The versatility of generating this isocyanide building block in situ was further exploited by multi-step sequences towards various 1,2,4-triazoles as well as the pyrrolo [1,2-c] pyrimidine scaffold, whose further functionalisation by means of S E Ar reactions has been demonstrated. These studies have also allowed insights in the occurrence of halogen dance phenomena during the elaboration of the pyrrolo [1,2-c] pyrimidine scaffold. We believe that this study demonstrates the benefits of modern flow techniques in the generation and use of hazardous, yet versatile intermediates towards medicinally relevant structures. with the intensities of the characteristic signals being reported as weak (w, <20% of tallest signal), medium (m, 21-70% of tallest signal) or strong (s, >71% of tallest signal). Low and high resolution mass spectrometry was performed using the indicated techniques on either Waters LCT Premier XE or Waters TQD instruments equipped with Acquity UPLC and a lock-mass electrospray ion source. For accurate mass measurements the deviation from the calculated formula is reported in ppm. Melting points were recorded on an Optimelt automated melting point system with a heating rate of 1°C min −1 and are uncorrected.
Experimental section
Single crystal X-ray data were collected at 120.0 K on a Bruker SMART 6000 (sealed tube, graphite monochromator) (compounds 7h and SI12f′) and Bruker D8 Venture (Photon 100 CMOS detector, IμS microsource, focusing mirrors) (compounds 12a, 12f and 12i) diffractometers (λMoKα, λ = 0.71073 Å) equipped with Cryostream (Oxford Cryosystems) open flow nitrogen cryostates. The structures were solved by direct methods and refined by full-matrix least squares on F 2 for all data using SHELX 26 and OLEX2 27 software. All nonhydrogen atoms were refined with anisotropic displacement parameters, the H-atoms in the structures 12a, 12f and 12i were placed in calculated positions and refined in "riding" mode. The H atoms in the other structures were found in the difference Fourier maps and refined isotropically. Crystallographic data and parameters of the refinement are given in Table 1 
